Sediment flux to the coastal zone is conditioned by geomorphic and tectonic influences (basin area and relief), geography (temperature, runoff), geology (lithology, ice cover), and human activities (reservoir trapping, soil erosion). A new model, termed "BQART" in recognition of those factors, accounts for these varied influences. When applied to a database of 488 rivers, the BQART model showed no ensemble over-or underprediction, had a bias of just 3% across six orders of magnitude in observational values, and accounted for 96% of the between-river variation in the long-term ‫03ע(‬ years) sediment load or yield of these rivers. The geographical range of the 488 rivers covers 63% of the global land surface and is highly representative of global geology, climate, and socioeconomic conditions. Based strictly on geological parameters (basin area, relief, lithology, ice erosion), 65% of the between-river sediment load is explained. Climatic factors (precipitation and temperature) account for an additional 14% of the variability in global patterns in load. Anthropogenic factors account for an additional 16% of the between-river loads, although with ever more dams being constructed or decommissioned and socioeconomic conditions and infrastructure in flux, this contribution is temporally variable. The glacial factor currently contributes only 1% of the signal represented by our globally distributed database, but it would be much more important during and just after major glaciations. The BQART model makes possible the quantification of the influencing factors (e.g., climate, basin area, ice cover) within individual basins, to better interpret the terrestrial signal in marine sedimentary records. The BQART model predicts the long-term flux of sediment delivered by rivers; it does not predict the episodicity (e.g., typhoons, earthquakes) of this delivery.
Introduction
Sediment flux to the coastal zone is conditioned by geomorphic and tectonic influences within the world's drainage basins (Milliman and Syvitski 1992) but also by geography of the basin (location and climate), geology, and human activities. These often counterbalancing factors have complicated our understanding of what controls sediment discharge to the global ocean (Hay 1994) . A recent survey (Syvitski et al. 2005a) , found globally that soil erosion is accelerating (e.g., deforestation, ag- riculture, mining), while at the same time, sediment flux to the coastal zone is decelerating (e.g., channel bank hardening, water diversion, reservoir storage). Another factor that complicates our understanding of a river's conveyance of sediment to the coast is the variable quality and relatively short duration of observations, where coverage is often measured in years rather than decades (Syvitski 2003c) .
Despite these complications, the importance of understanding fluvial delivery of sediment is beyond question. Understanding the redistribution of continental substrate through weathering and erosion is one of the fundamental goals of geological sciences. The redistribution of material loads (1) Milliman and Syvitski (1992) of 275 globally distributed rivers.
reflects the rate of mountain building (Small and Anderson 1995; Molnar 2004) , (2) influences the dynamics of glaciers (Boulton 1990) , (3) shapes the landscape (Anderson 1994) , and (4) affects coastal dynamics through sea-level adjustments and strata formation (Nittrouer 1999; Liu et al. 2004; Berne et al. 2004 ). In the observational world of today, we can see how human interference with river systems has accelerated coastal erosion and negatively affected wetland and aquatic habitats (Syvitski et al. 2005a) . The reduction of seasonal flood waves and the changing composition of water through damming and regulation also mean that nutrients associated with sediment can be dispersed over smaller areas of the continental margin, significantly affecting fisheries and even causing anoxia or hypoxia (Syvitski et al. 2005b) .
A Brief History
Early estimates of sediment loads from rivers were based on data from relatively few large rivers (Holeman 1968; Holland 1981) . From these and later studies, the magnitude of a river's sediment load was understood to increase with the size of its drainage area (Schumm and Hadley 1961; Wilson 1973; Milliman 1980; Milliman and Meade 1983) . Milliman and Syvitski (1992) Ahnert (1970) , Jansen and Painter (1974) , Hay and Southam (1977) , Pinet and Souriau (1988) , and Harrison (1994) . One of Milliman and Syvitski's (1992) primary contributions was viewing rivers regardless of size. Mulder and Syvitski (1996) collapsed the M&S92 family of curves (table 1) by using the maximum relief for a drainage basin R, rather than just relief classes. Their multiregression analysis established a single relationship between sediment load, basin area, and maximum relief R, such that 0.41 1.3
s where a is a constant of proportionality. Mulder and Syvitski (1996) noted that the correlation improved if rivers with strong human impact were removed. Deviations between observed loads and predictions were offered as a way to decipher the effects of human impact on fluvial systems. The role of geology as a control on a river's sediment flux also has been noted (Heusch and MilliesLacroix 1971 ; Pinet and Souriau 1988; Ludwig and Probst 1998; Inman and Jenkins 1999; Kapsimalis et al. 2005) . Hicks et al. (1996) , for instance, found that at any given rainfall, New Zealand rivers draining weak sedimentary rocks had sediment yields orders of magnitude greater than those draining strongly metamorphic rocks. Milliman and Syvitski (1992) in effect included geology as a factor affecting flux by subdividing the mountain relief class between, for example, the softer lithology of much of Asia and the hard gneisses and granites covering much of the Arctic region (table 1) .
Climate's effect on sediment load is a more complex influence, leading Walling and Webb (1983) to conclude that no simple relationship exists between climate and sediment yield. Sediment yield is considered to both increase (Fournier 1949; Jansen and Painter 1974; Hay et al. 1987 ) and decrease (Langbein and Schumm 1958; Fournier 1960) with the rate of precipitation, as tracked by a basin's runoff (Walling 1987; Milliman and Syvitski 1992; Mulder and Syvitski 1996) . Molnar (2001) , for example, has suggested that increased late Tertiary erosion rates were in large part the result of increased global aridity. Basin temperature also can influence a river's sediment load by causing sediment-forming frost cycles, influencing sediment availability through frozen ground conditions, and through feedbacks that influence the magnitude and intensity of precipitation (Syvitski and Morehead 1999; Syvitski 2002) . A combination of higher temperature and summer precipitation will increase glacial melt and significantly increase a basin's sediment yield Hallet et al. 1996; Morehead et al. 2001) . Other influences on a river's sediment load include vegetation cover that increases or decreases with variations in regional temperature and precipitation (Douglas 1967) and lakes or reservoirs that may filter out a river's sediment load (Vö rö smarty et al. 2003 ). Syvitski and Morehead (1999) applied dimensional analysis to the problem of predicting a river basin's long-term sediment load, concentrating on the pa- 
Development of the ART model
s where a is a constant of proportionality; but Syvitski and Morehead (1999) suggested that a varied with basin temperature. Syvitski et al. (2003) , in an experiment to test equation (3) for regionality in temperature, divided the river basins by climate: polar, cold temperate, warm temperate, and tropical regions, both north and south of the equator. They found that basin-averaged temperature ( fig. 1 ) did play a role and formally rewrote equation (3) as
s 3
where k and the various a's are empirical coefficients that define the major climate zones. Basin temperature controls polar feedbacks (frozen soils and river beds, snowmelt and ice melt, predominance of frontal rainfall), temperate feedbacks (spring snowmelt, freeze-thaw cycles, mix of frontal and convective rainfall), and tropical feedbacks (convective rainfall, monsoons, typhoons, chemical weathering and soil formation, tropical canopy, high lapse rates). The model, known as the ART model ( fig. 2A ), was later shown to reflect preanthropocene or pristine conditions (Syvitski et al. 2005a) . Basin area and relief were considered proxies of tectonics, where active and passive margins could be differentiated. Basin temperature, which varies with latitude and altitude, was used as a proxy for climate, and thus the global distribution of precipitation dynamics, vegetation, and weathering. Syvitski et al. (2003) found that exponent n in equation (2) fig. 2B ).
New Global Predictor of Sediment Load:
The BQART Model
This article proposes a more comprehensive global predictor of fluvial sediment flux, avoiding discontinuities or regional bias in the predictions and including influences considered important and hitherto left out of equation (4). First we use the globally averaged value of from equation (2): a p grg ical and human factors missing from the ART model, R is maximum relief, and T is basin-averaged temperature ( fig. 1 ).
Based on a database of 488 rivers, which supply 63% of the world's total discharge to the coastal ocean, a relationship exists between discharge Q (in m 
Given equation (6) resolution. Basin runoff was determined using data from the Global Runoff 0.5Њ # 0.5Њ Data Centre (Germany), supplemented with the University of New Hampshire water balance transport model (see Syvitski et al. 2005a for details). Basin temperature was calculated from National Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis data made available from the NOAA-CIRES Climate Diagnostic Center (see Syvitski et al. 2003). porate both wet and dry regions ( fig. 1 ) and have runoff values !1 m/yr (fig. 3) ; and (2) smaller basins can easily fit within a single hydrological zone and thus can range from very high to very low hydrological runoff ( fig. 3 ).
Given two basins that are comparable in size, relief, and temperature, equation (7) predicts that the wetter one will be more able to erode and transport sediment downstream. Regions of the world where physical processes of erosion are active are also the regions where aluminosilicates dissolve at the highest rate (Gaillardet et al. 1999) . Conversely, drier basins produce less sediment through mechanical (as well as chemical) weathering (Dupré et al. 2003) , and more of this sediment will be stored between the source area and the coast, thus making such basins "transport limited" (e.g., Wabi Shebele of Ethiopia and Somalia; Nyssen et al. 2004) . Most world rivers are arid to subarid, with a hydrological runoff of m/yr (figs. 1, 3), Q/A ≤ 0.4 exceptions being tropical basins of Central and South America, Indonesia and other equatorial islands; portions of Southeast Asia; and small coastal basins of North and South America, northern Europe, and eastern Canada ( fig. 3 ). When statistics are based solely on the flowing period, arid rivers fall within the global average . The Santa Clara River in southern California, for example, sees ∼75% of its 50-yr cumulative sediment load transported in ∼0.2% of the cumulative time (Warrick and Milliman 2003) .
The BQART model's other climate factor is basin-averaged temperature ( fig. 1 ), where warmer temperatures are associated with increased sediment production and increased transport to the coastal ocean. Basin temperature influences (1) the rate of chemical breakdown of the rocks and thus soil formation, (2) the rate of mechanical erosion (frozen soils and river beds, freeze-thaw cycles, precipitation intensity, vegetation influences), (3) latitudinal variation in lapse rate, (4) the storage or release of meltwater, and (5) flood-wave dynamics associated with different forms of rainfall (frontal vs. convective, monsoons, typhoons). The contribution of temperature to sediment discharge is extensively discussed by Syvitski et al. (2003) , Syvitski (2003b) , and Dupré et al. (2003) . The reason why cold (!2ЊC) rivers break with the pattern of a linear decrease in the sediment load with decreasing temperature (eq.
[ 7]) is still under investigation, but Millot et al. (2003) suggest that this reversal in trend may reflect the important role of organic matter as a controlling factor in Arctic regimes. The B term expanded is defined as
E h where I is a glacier erosion factor ( ), L is an I ≥ 1 average basin-wide lithology factor, T E is the trapping efficiency of lakes and man-made reservoirs, such that
, and E h is a human-influenced (1 Ϫ T ) ≤ 1 E soil erosion factor, which can provide both a positive or negative influence on a river's sediment flux. Without these new terms, that is, setting , the BQART model accounts for 68% of B p 1.0 the between-river variation in sediment load ( fig.  4 ), still significantly better than the 57% accounted for by the ART model ( fig. 2 ). Below we show the influence of the various B factors, beginning first with a description of the river database, followed by a description of the geological and human factors that define each basin.
Defining the Global River Database
Over the past 25 years, various scientists and agencies have contributed to the development of a number of semi-independent databases that have been used to test sediment flux predictors. The result has been a series of increasingly vetted databases made public in Milliman and Meade (1983), Milliman and Syvitski (1992) , Mulder and Syvitski (1996) , Meybeck et al. (2003) , Walling and Fang (2003) , Syvitski et al. (2005a) , and Milliman and Farnsworth (forthcoming). Syvitski et al. (2003) and Milliman and Farnsworth (forthcoming) provide an analysis of uncertainties associated with the observations, which, because these databases developed as community effort, contain numerous uncertainties.
Values that define a river in these databases may vary over time for a number of important reasons. For example, there may be discovered errors, such as the Mackenzie load value in Milliman and Syvitski (1992) being out by a decimal place. There may be different criteria used; for example, the drainage area may be tied to an upstream gauging station and not the river mouth cited in another database. Different reported values also reflect different methodologies: gridded databases, for example, invariably have averaged (i.e., smaller) values of topographic relief compared with those provided by a cartographic field survey. Differences related to relief, however, may soon disappear because the grid space of space shuttle radar, for example, is very high resolution (30-90 m), with a 1-m vertical resolution. Database differences may also relate to whether pre-or postreservoir values or major land disturbance values are used.
Sediment loads and water discharge values are variable (Walling and Fang 2003; Meybeck 2003) , and database differences therefore also may reflect different measurement periods. This point is particularly worthy of consideration when one realizes that small rivers are more responsive to episodic events but often have been monitored for short periods of time. One such example is the Choshui River in Taiwan, whose 1962-1995 sediment load has been calculated to have been 27 MT/yr; a series of large typhoons and one major earthquake between 1996 and 2001 resulted in more than 400 MT of sediment delivery (Dadson et al. 2004; Milliman and Kao 2005) , increasing the Choshui longterm sediment load to 36 MT/yr. Another example is the twentieth-century increase in the duration of the annual period when when the Yellow River runs dry ). In the last few years, this trend has declined (Hui and Huang 2005) . Research articles written on either side of such trends will reflect these differences in their databases (Syvitski et al. 2005a; cf. Syvitski and Saito, forthcoming) .
Two databases are used in this study (table 3) , both separately and in combination. The first, the M&S92ϩ database (table A1, available in the online edition or from the Journal of Geology office), involves many of the same rivers used in the original Milliman and Syvitski (1992) Note. The matrix is based on observations from 488 basins (Milliman and Syvitski 1992; Milliman and Farnsworth, forthcoming ; see text for details). Basin area scales strongly with discharge and less strongly with relief; discharge scales weakly with relief. Sediment load scales with discharge, area, and relief. Most of the other factors are either independent or weakly dependent on one another. Boldface denotes statistically and scientifically significant values.
M&S92ϩ database comprises 294 river basins draining to coastal ocean, including most of the world's large rivers but also a significant number of small rivers. A second database (M&F05) was kept from the original testing of the BQART model to provide a blind test of the model once the model framework was set. This second database contains 194 additional rivers and is biased toward smaller rivers since most of the large rivers were already incorporated into M&S92ϩ (table 3) . There are 6292 river basins with areas 1100 km 2 (Syvitski et al. 2005a ). Thus, the two databases are small relative to the number of rivers, but they still account for 63% of the land surface draining to the global ocean and 66% of the predicted sediment load (table 3).
The databases include these parameters: (1) river name(s), (2) maximum relief, (3) 30-yr basinaveraged temperature ( fig. 1 ), (4) discharge measured relatively near the river mouth, (5) hydrological runoff (Q/A), (6) suspended sediment load (Q s ), (7) Syvitski et al. 2005a ; published literature), (11) anthropogenic erosion factor (see details below) based on population density (GPW, ver. 3; Center for International Earth Science Information Network, Columbia University, New York), and (12) the gross national product per capita (World Bank data source).
Defining the B Factors in the BQART Model
Inspection of figure 4 shows that without the B factors implemented, most rivers fall within a factor of 5 of the mean trend line. This suggests that the various B factors (glacial erosion, lithology, lake and reservoir trapping, and human-induced erosion) collectively should not influence sediment load much more than an order of magnitude. The literature is filled with studies highlighting the influence of these factors, but unfortunately, most studies have not normalized for the influence of relief, basin area, discharge, and temperature and thus have not isolated the influence of individual B factors or established their global range. A fluvial system transitioning from ice age to modern climate conditions can experience an order of magnitude change in sediment delivery (Forbes and Syvitski Note. Comments provide the total value, fraction of the world total (Syvitski et al. 2005a) , or the average of the two databases.
1995; Dearing and Jones 2003) , but is the variance in load due to (1) changes in discharge (such as a large reduction in ice-melt discharge; Kettner and Syvitski, forthcoming), (2) warmer temperatures, (3) changes in drainage area (Overeem et al. 2005) , or (4) the filter of sediment load through proglacial lakes (Kettner and Syvitski, forthcoming)? Below we discuss the four B factors, suggest simple methods for their estimation, and apply the factors to improve the predictive ability of the BQART model.
Glacier Erosion Factor (I).
As a basin's glacier cover increases, so does the contribution from turbid ice melt and thus sediment load (Hallet et al. 1996) . Ice melt almost always carries more sediment than, for example, melting snow (Syvitski and Alcott 1995) . Rivers whose hydrographs are strongly influenced by glaciers discharge a high amount of glacial flour as wash load. The grinding nature of warm-based glaciers provides additional sediment Syvitski and Andrews 1994) . Parks and Madison (1985) found a power-law relationship between ice cover and increasing sediment yield, whereas Guymon (1974) found a linear relationship between the two parameters. Similarly, Vizzoli (2004) found a direct relationship between glacial area and sediment production. Based on these and other studies, we propose the following algorithm to define a glacier erosion factor, I, as
g where A g is the area of the drainage basin as a percentage of the total drainage area of the basin. Equation (9) allows for a range of 1 (0% ice cover) to 10 (100% ice cover). Hinderer (2001) provides excellent data on alpine glacial basins along with an exhaustive list of references that support equation (9) and, together with our analysis, demonstrate that Late Glacial denudation rates were an order of magnitude (or more) higher than modern denudation rates. While a linear dependency between ice cover and erosion is simple, it does not take into account the rapid release of stored turbid meltwater during deglaciation (Kettner and Syvitski, forthcoming) , the mode of glaciation (i.e., polar vs. polythermal vs. fast-flowing or surging; Elverhøi et al. 1998 ) the breaching of ice dams (such as jokulhlaups, or glacial outbreak floods), or the unvegetated and easily eroded paraglacial sediment cover (Forbes and Syvitski 1995; Syvitski et al. 1996) . To account for these deglacial conditions, more advanced models are required (Elverhøi et al. 1998; Kettner and Syvitski, forthcoming) .
Outside of the massive Greenland and Antarctic ice sheets, which are not part of this study, the global ice cover of smaller subpolar glaciers is approximately 0.8 M km 2 or !1% of the world's landmass draining into the ocean (106 M km 2 ; Syvitski et al. 2005a ). About 0.32 M km 2 of ice reside in the high arctic and its archipelagos; about 0.12 M km 2 cover the high mountains of central Asia, 0.09 M km 2 cover Alaska, and another 0.036 M km 2 cover western United States and Canada, with the remaining parts of the world (e.g., Central and South America, Africa, Middle East, Europe) accounting for the remaining 0.24 M km 2 . In the database of 488 rivers, !10% are currently affected by an ice cover, and few rivers have (e.g., Klinaklini I 1 2 River, British Columbia; Copper River, AK). On a global basis, the Holocene impact of ice is not a large contributor of sediment erosion; however, the ice factor would have been dominant for many rivers during the Pleistocene (Forbes and Syvitski 1995; Elverhøi et al. 1998; Hinderer 2001) .
Lithology Factor (L).
Pinet and Souriau (1988) found that the erodibility of poorly consolidated versus massive rocks differs by a factor of 7. Schaller et al. (2001) found that crystalline rocks are three times more resistant to erosion than sedimentary rocks and that the weatherability and erodibility of bedrock tend to decrease with increasing quartz content. Gaillardet et al. (1997) found a greater importance of sedimentary recycling in young orogenic belts (e.g., the Andes, with physical weathering rates of 300 T/km 2 /yr) compared to old cratonic shields (e.g., Guayana Shield at 13 T/km 2 / yr; Brazilian Shield at 11 T/km 2 /yr). These and other studies (e.g., Hinderer 2001; Dupré et al. 2003) suggest that sediment production varies with lithology within an order of magnitude. These field observations are supported by laboratory studies using the Schmidt hammer (Aydin and Basu 2005) , which provides a measure of surface hardness and mechanical properties of rock material. The rebound value is the common form of measurement, and lithologies and weathering grades have values that range across an order of magnitude (Aydin and Basu 2005) . Schmidt hammer results have been related to a rock's Young's modulus, uniaxial strength, and lithology (Katz et al. 2000) .
In our study, we converted a global geological map (Dü rr et al., forthcoming) into six broad basinaveraged lithology classes and assigned the following factors ( fig. 5) , based on the studies referenced above.
1. For basins composed principally of hard, acid plutonic and/or high-grade metamorphic rocks, we assigned . The database contains 122 river L p 0.5 basins, including the shield terrains from northeast Canada, Africa, Australia, Scandinavia, east South America, and India. Type basins include the Saguenay (Canada), Manzanares (Venezuela), Herbert (Australia), Congo/Zaire, and Muonio Alv (Sweden). Globally, 23% of the land surface is covered in acid plutonic rocks, Precambrian basement, or high-grade metamorphic rocks (Dü rr et al., forthcoming).
2 The numerical range in the above lithology factors ( fig. 5 ) has the same range as advocated by Hadley et al. (1985) , Pinet and Souriau (1988) , and de Vente et al. (2005) and as observed in Schmidt hammer laboratory experiments (Katz et al. 2000; Aydin and Basu 2005) . The range is designed so that the global effect of lithology does not alter the main structure of the BQART model ( fig. 4) , that is, the global mean of . To test whether the range L p 1 should be larger, we kept the global mean of L p but stretched the outside classes to (for 1 L p 0.1 the shield rocks) and for the loose sedi-L p 10 mentary rocks, with other classes adjusted accordingly. Similarly, we later compressed the L range to fall between 0.75 and 1.5. In both experiments, the result reduced the predictability of the L factor. When predicting the flux of sediment as would be measured at a river mouth, the range of 0.5-3 is considered optimal.
Sediment Trapping (1ϪT E ).
Reservoirs behind dams trap approximately 26% of the global sediment delivery to the coastal ocean (Syvitski et al. 2005a) , although this number appears to be steadily increasing (Liquette et al. 2004) . The volume of sediment being trapped is much greater when one considers that much sediment normally would not reach the coastal zone but would be stored in alluvial fans and flood plains. Historically, reservoirs were located along the mountainous and upland branches of the hydrologic network for the generation of hydroelectricity, in the regions where sediment production is highest (Syvitski et al. 2005a ). Reservoirs are increasingly placed within flood plains as a control on seasonal flood waves and for water diversion to meet irrigation needs ( fig. 6A ). Both the Mississippi and Yangtze drainage basins contain more than 50,000 dams of various sizes, each reservoir affecting to some degree the conveyance of sediment to the coastal ocean (Vö rö smarty et al. 2003; Xu et al. 2006; Yang et al. 2006) . Dams along the Colorado, Nile, Indus, and Yellow rivers have effectively stopped sediment discharge, whereas previously these four rivers alone accounted for 10% (1.5 BT/ yr) of sediment flux to the global ocean ( fig. 6B) .
A reservoir's trapping efficiency can be measured by comparing the sediment flux entering and leaving the reservoir, or retrospectively, by examining long-term trends in a river's sediment flux, normalized for discharge. A variety of formulas also can be used to calculate the trapping efficiency (T E ) of reservoirs (see Syvitski et al. 2003) , most being based on residency of sediment within the reservoir. Residency time depends on the size or volume of the reservoir compared to the discharge of the river entering the reservoir. The factor will 1 Ϫ T E vary between 0.1 (e.g., Guadiana, Tagus) and 1 (no sediment trapping by dams). In our combined database, 160 rivers had significant reservoirs, and 328 basins had no significant reservoirs or we used predam values of sediment load (e.g., Nile). We chose to use the predam values of a river's sediment load wherever possible; (1) our primary focus is on the geologic and geomorphic influences on a river's sediment load, and (2) a dam's trapping efficiency is variable. The vast majority of dams are expected fill in within the next 100 years, and during that period the trapping efficiency of their reservoirs will decrease. Some smaller dams release water through sluiceways to flush out the buildup of sediment; some larger dams also have some capacity for sediment flushing. The average ( ) value in 1 Ϫ T E the database is 0.8. The World Commission on dams (http://www.dams.org/) estimates the world now has 48,000 large dams (defined as higher than 15 m), with an average height 31 m and average reservoir area of 23 km 2 ; this is the equivalent of the construction of one large dam every day over the last 130 years. Most dams were constructed since the 1950s, and another 2000 large dams are presently under construction. Developed countries are decommissioning dams, which regionally should increase the sediment flux to the coastal ocean, but the number of decommissioned dams remains small, and in general, rivers draining developed countries (Europe, North America) have lower natural sediment yields than those draining, for example, southern Asia, Oceania, and northern South America.
Anthropogenic Factor (E h ). Humans disturb the global landscape through competing influences: urbanization, deforestation, agricultural practices, and mining activities. Selective logging, for instance, can increase a basin's sediment yield by an order of magnitude, and poor agricultural practices can increase yields even further (Douglas 1967 (Douglas , 1996 . These changes impact smaller rivers where human activities can more easily overwhelm pristine conditions (Orpin 2004; Kasai et al. 2005) . Farming on the highly erodable loess plateau in northern China increased the sediment yield of the Yellow River threefold to 10-fold since the Tong Dynasty, or 1400 yr B.P. (Milliman et al. 1987; Wang et al. 1998; Saito et al. 2001) . For Japan's Takkobu watershed, catchment sediment yields increased fivefold after land use development and sevenfold with continuing agricultural development (Ahn et al. 2006) . Determining the magnitude of the composite human disturbance is like trying to hit a moving target because each decade brings a new environmental situation (e.g., Restrepo and Syvitski 2006; Wang et al. 2006) .
There are many algorithms used to model the influence of humans on sediment flux, such as the Soil Conservation Service curve number method (Mishra et al. 2006) , the revised universal soil loss equation (e.g., Erskine et al. 2002) , and the water erosion prediction project model (Croke and Nethry 2006) , among many others (de Vente 2005; Diadato, forthcoming). Unfortunately, these methods are all designed for the plot scale or, at best, small catchments and are not easily adapted to predict the E h factor for global rivers. Recent studies point to the influence of socioeconomic conditions (e.g., Nyssen et al. 2004) , land use practice (Bruijnzeel 2004) , and population density (Higgitt and Lu 2001) as the overarching anthropogenic influence on sediment yield (Latrubesse et al. 2005) . We therefore suggest using a simple a priori method to define the E h factors around the world based on population density and GNP per capita ( fig. 7 fig. 7 ). Historically, these basins have not received the resources to engineer solutions to problems of soil erosion (at least when the observations were made), or they represent areas where deforestation is near its historical peak, farming practices are poor, or open-pit mining is intense.
Other workers (e.g., Nyssen et al. 2004; Latrubesse et al. 2005) have observed the numerical range in E h values, but the potential range is still much smaller than what is associated with human disturbance at the plot scale (Bruijnzeel 2004) . In this sense, small rivers basins may exceed values of . We also recognize the use of population E p 2.0 h density and per capita GNP as a very broad-brush, albeit a priori, approach or global response to these economic and human perturbations will be unequal. For example, portions of New Zealand have a low human population density but a high sheep population. As such, sheep grazing following deforestation has led the Waipaoa and Waiapu basins to have much higher E h values (Hicks et al. 2000) , and a value of has been suggested for these E p 8 h very small rivers .
Based on the work of Schumm and Rea (1995) , we also recognize E h to be time dependent. After an initial disturbance, such as deforestation, the pulse of increased sediment yield may return to a predisturbance sediment supply if the disturbance is not sustained; an exponential decay function has been suggested (Higgitt and Lu 2001) to describe this. However, the global diversity of this pattern is likely to be high. For example, road construction, urbanization, and farming in highly erodable terrain have led to a ca. 3.5-fold increase in long-term sediment discharge from the Lanyang River in northeast Taiwan (Kao and Liu 2002) . The Lanyang River's load has not returned to ambient conditions; rather, the rate of erosion has gradually increased after each major short-lived disturbance ( fig. 8 ). Another problem in quantifying the anthropogenic E h parameter is determining the extent to which humans might be responsible for creating conditions for soil erosion during some natural event such as a typhoon ( fig. 8 ).
Testing the BQART Model
With the B schema set, we can apply the BQART model to 294 rivers that formed the M&S92ϩ database. BQART could account for 96% of the variance in the original observations, with a bias of 7% ( fig. 9A) . In a blind application of BQART to the M&F05 database of an additional 194 rivers, the model captured 95% of the data variance, with a 5% bias ( fig. 9A ). When applied to the combined database of 488 rivers, the BQART model showed no ensemble over-or underprediction, had a bias of just 3% across six orders of magnitude in observational values, and accounted for 96% of the data variance (table 3; fig. 9A ). This is a vast improvement over the ART model ( fig. 2) , which accounts for just 57% of the database variance.
The various parameters used in the BQART model can be implemented sequentially to understand how these parameters influence a river's sediment flux. The combined database of 488 rivers covers 63% of the land surface draining to the coastal ocean (table 3) , and we reason that rivers outside of the database would not operate differently, as the geographical range of the 488 rivers is highly representative of global geology, climate, and socioeconomic conditions. When employing just the tectonic factors of drainage area and relief, this reduced model determines 57% of the between-river variability in sediment load. When adding the ice cover factor to this tectonic model, data variance is not reduced further (i.e., most of the rivers in the database are not affected by glaciers); however, the factor remains valuable when applying the BQART model to glaciated terrain or to geological periods when glaciation played a more prominent global role. When adding lithology to the tectonic parameters, we improve the predictability of sediment load for the 488 rivers by 8%. Based strictly on these geological parameters (basin area, relief, lithology, ice erosion), 65% of the between-river sediment load is explained.
When climate factors are sequentially added to the geological parameters, discharge accounts for an additional 3% and basin temperature accounts for an additional 10% of the between-river load. Together the climatic factors reinforce each other to account for an additional 14% of the variability in global patterns in load. Since there is a strong correlation between discharge and area ( fig. 6B ; table 2), and basin area is part of the above geological parameters, the influence of discharge has the false appearance of being less important. Using just geologic and geographic influences (I, L, Q, A, R, T), this GEO model accounts for 79% of the betweenriver load, even though the comparison is made to a database of load values already strongly influenced by humans ( fig. 9B ). Not unexpectedly, those rivers that have neutral anthropogenic factors (T E , E h ), are well predicted ( fig. 9B) .
When added to the above GEO model ( fig. 9B ), ), area p 890 northeast Taiwan, as a function of cumulative discharge across 44 years (data source: Syvitski et al. 2005c) . Three background trend lines are separated by marked intervals of unusually high sediment loads that reflect disturbances associated with road construction, increased farming activity, or a typhoon. After each disturbance, the background trend line shows an increase in the rate of sediment transported to the coast. reservoir trapping explains another 9% of the between-river load. Because many load values in the database represent prereservoir conditions, the impact of reservoir trapping would increase substantially when compared to current conditions (Syvitski et al. 2005a ). The impact of anthropogenic erosion explains another 9% of the between-river loads in the database. Taken together, the human effects account for 16% of the between-river loads. Regionally, the human factors can range far wider, with European, African, and North American rivers transporting far less sediment than before the impact of humans (at Ϫ26%, Ϫ39%, and Ϫ19%, respectively; Syvitski et al. 2005a ) and with Indonesia and Oceania transporting far more sediment (at 81% and 100%, respectively; Syvitski et al. 2005a) .
A Word on Sediment Yield
Sediment yield (Y s ) is the transport load normalized per unit drainage basin area, in dimensions of M/ L 2 /T, and can include both solid and dissolved loads (for a thorough discussion, see Syvitski 2003b) . The term holds special importance to geomorphologists, who employ observations on yield in their study on denudation, that is, the measure of earth surface removal with respect to a datum. By simply dividing the BQART equations by basin area, it is possible to convert the load equations into catchment yield for suspended particulate matter:
s When compared with observed detrital yields, the converted BQART yield equations offer the same level of prediction ( ) for the 488 globally 2 R p 0.94 distributed rivers ( fig. 10) .
Geology, Geography, and Humans
The BQART model provides a mechanism to quantify the influences that control sediment flux to the Figure 9 . A, The BQART model captures 96% of the data variance when compared to observations from 294 globally distributed rivers (M&S92ϩ data points), with a 7% bias. In a blind test on another 194 globally distributed rivers (M&F05 data points), the BQART model captures 93% of the data variance with a 5% bias. The BQART model shows a 3% bias when applied to the combined database of 488 rivers and accounts for 95% of the data variance. B, In an application of the BQART model where human influences are not taken into account (discounting reservoir trapping and soil erosion), and when compared to observations that contain the impact of humans, the GEO model globally captures 79% of the data variance, with a 10% bias. Those rivers that show little impact by humans are well predicted.
Figure 10.
Sediment yield predictions using the BQART model provide the same level of accuracy as BQART predictions of sediment load (cf. fig. 9A ).
coastal zone. Compared to the original ART model, the BQART model remains heavily influenced by tectonics through basin area and relief, expands the influence of climate by adding discharge to the temperature factor, adds geology through lithology and glacier erosion, and, importantly, adds human influences through the trapping efficiency of reservoirs and human disturbance of the landscape.
By their very size, large basins contain a range of lithologies, thereby integrating erodable and resistant rocks. Smaller basins, in contrast, are likely to be influenced by a narrow range in lithology. Future research should expand on our defined lithology influence and include the impact of fracture density, through global maps of rock strain.
The importance of ice as an agent of erosion is well established. A survey of sediment volumes indicates that fjords conservatively hold 25% of the world's delivery of sediment by rivers, over the last 100-kyr cycle (Syvitski and Shaw 1995) , in large part because of late Pleistocene glaciation and the resulting delivery of huge volumes of sediment to fjord basins. While the sediment supply to many fjords has been greatly reduced during the Holocene, sediment flux into fjords remains enormous in the deglaciating environments of Alaska, Svalbard, and Greenland (Syvitski and Shaw 1995) .
The BQART model allows the role of geography to be quantified through a basin's location and its effect on climate. Holding all geologic parameters constant (area, relief, lithology), a dry arctic river can convey 100 times less sediment to the sea than a river in a wet tropical basin. The BQART model thereby provides a powerful tool for paleoceanographers who view continental margins as the taperecorder of earth's history. By ascertaining sediment volumes per climate interval and knowing basin properties, it should be possible to invert for climate changes with this new model. Given the strong influence of humans on a river's sediment load, we caution use of current observational data, even from the recent past.
While it is possible to determine human influences on a river-by-river basis (e.g., fig. 8 ), to understand the globally varied socioeconomic impacts of humans on soil erosion or reservoir trapping requires up-to-date information on global sediment loads and the ability to recover from historical influences. It is truly unfortunate that highquality observational data on fluvial sediment loads are largely no longer collected, particularly when earth is undergoing such dramatic surface dynamic changes.
The BQART model determines the delivery rate of sediment for a river measured at or near sea level. The model does not provide within-basin details on sediment erosion and transport, or information on sediment retention in floodplain, deltas, and estuaries. A complete global source-to-sink surface dynamic model remains to be constructed and tested.
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